Abstract: Two types of capacitive dual-frequency discharges, used in plasma processing applications to achieve the separate control of the ion flux, Г i , and the mean ion energy, <E i >, at the electrodes, operated in CF 4 , are investigated by particle-in-cell simulations: (i) In classical dual-frequency discharges, driven by significantly different frequencies (1.937 MHz + 27.12 MHz), <E i > and Г i are controlled by the voltage amplitudes of the low-frequency and high-frequeny components, Φ LF and Φ HF , respectively.
Introduction
Capacitively coupled radio frequency (CCRF) discharges are widely used for a variety of applications: they are basic tools in plasma enhanced chemical vapor deposition (PECVD) and plasma etching, in the semiconductor industry and in the field of surface processing of medical interest [1, 2] . In such applications complex mixtures of reactive, often electronegative, gases are required, for instance carbontetrafluoride (CF 4 ), which is frequently used to etch silicon and silicon-dioxide. CF 4 discharges exhibit a complex chemistry and become strongly electronegative under typical operating conditions. Under these conditions the plasma composition, the electron heating and ionization dynamics, and the discharge operation differ significantly from those of electropositive discharges [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
Low-pressure electropositive discharges operate either in an α-mode [21] (at low pressures and driving voltages), where the ionization is dominated by electrons accelerated by the oscillating sheaths and the field reversals during sheath collapse [22] [23] [24] [25] [26] , or in a γ-mode [21] (at high pressures and/or voltages), where the ionization is dominated by secondary electron avalanches inside the sheaths at times of high sheath voltage. In these discharge operation modes the electron heating and ionization rates are typically high around the sheath edges and low in the plasma bulk. Transitions between these modes are induced by changing the pressure and/or voltage [21] . At very high pressures, e.g. in atmospheric pressure microplasmas, the ionization can be dominated by ohmic heating in the bulk. In this Ω-mode [27] , a high electric field builds up in the bulk region due to the low electrical conductivity caused by the high electron-neutral collision frequency -this drift field accelerates electrons to high energies to create ionization in the bulk. Similar electron heating and ionization dynamics in the bulk region have been found in dusty plasmas [28] [29] [30] as well as in discharges operated in various electronegative gases [7, 8, [15] [16] [17] [18] [19] [31] [32] [33] [34] [35] . While in case of dust contaminated plasmas the origin of the low electrical conductivity (and that of the high electric field) in the bulk is the loss of charged particles the dust particles, in electronegative plasmas the depleted electron density is due to electron attachment in the discharge center. Further electron heating and ionization mechanisms have been identified in electronegative plasmas [17] : at the collapsing sheath edge ionization is generated by electrons accelerated by an ambipolar field due to local maxima of the electron density in the electropositive edge region of the discharge. The drift-ambipolar (DA) mode, specific to electronegative discharges, refers to the simultaneous presence of both the ohmic heating (Ω-mode) and the heating due to the ambipolar field in electronegative plasmas [17, 18] . Transitions between the DA-mode and the α-mode have been found in simulations and experiments [17] : by increasing the pressure at a fixed voltage, a transition from the α-mode to the DA-mode is induced; by increasing the voltage at a fixed pressure, a transition from the DA-mode to the α-mode is observed.
These electron heating dynamics are crucial to both the gas phase chemistry and the properties of the plasma at the surrounding surfaces. The realization of the separate control of the mean ion energy, <E i >, and the ion flux, Г i , at the electrode surfaces is a central issue in CCRF discharges used in various plasma processing applications. Different methods and discharge configurations, such as hybrid capacitive/inductive discharges [36] [37] [38] [39] [40] [41] and dual-frequency discharges [42] [43] [44] [45] , have been developed to reach this goal. There are two types of capacitive dual-frequency discharges typically used in industrial applications: (i) In classical dual-frequency discharges one electrode is driven by two substantially different frequencies, e.g. 1.937 MHz + 27.12 MHz. The driving voltage waveform is defined as (1) where Φ LF and Φ HF are the low-frequency (f LF ) and highfrequency (f HF ) voltage amplitudes, respectively. In such discharges <E i > is controlled by the low-frequency voltage amplitude (by varying the mean sheath voltage), while Г i is adjusted by the high-frequency voltage amplitude (due to the enhanced electron heating at high frequencies). However, a coupling effect of the driving frequencies was found to reduce the quality of the separate control of ion properties [46] [47] [48] [49] , which is further limited by the effect of secondary electrons [50] [51] [52] .
(ii) Electrically asymmetric (EA) dual-frequency discharges are operated at a fundamental frequency and its second harmonic, e.g. 13.56 MHz + 27.12 MHz, with a fixed but adjustable phase shift between the driving harmonics. The driving voltage waveform is defined as (2) where f is the fundamental frequency and θ is the phase shift between the driving harmonics. In such discharges θ is varied to control the mean ion energy at the electrodes, whereas the voltage amplitudes determining the ion flux are kept constant. Tuning θ, a dc self-bias, η, is generated via the Electrical Asymmetry Effect (EAE) [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] -this self-bias voltage is almost a linear function of θ. Hence, the mean sheath voltages and <E i > can be controlled separately from Г i by adjusting θ. The quality of the separate control of ion properties has been thoroughly examined in electropositive gases (mainly in argon) for both types of capacitive dual-frequency discharges. It was found that EA discharges allow a significantly better separate control of ion properties compared to classical dual-frequency discharges by eliminating the frequency coupling effects and reducing the negative impact of secondary electrons. Less attention has been paid to the detailed examination of the performance of these dual-frequency discharges in electronegative gases, a feature that is relevant to the applications. Important effects of the specific electron heating and ionization dynamics on the separate control of ion properties in electronegative gases have been recently pointed out [16, 18] .
Here, we analyze the control of ion properties and its limitations, in both classical and EA dual-frequency discharges in CF 4, via self-consistent particle-in-cell simulations. For both types of discharges we perform simulations at different pressures varying the control parameter for the mean ion energy: in classical dualfrequency discharges Φ LF is varied at constant Φ HF ; in EA discharges θ is changed at constant Φ LF =Φ HF . We focus on the effect of the control parameter on the electron heating and ionization dynamics and its influence on the ion flux at the electrodes at different pressures.
The paper is structured in the following way: in the second section we present the details of the simulation method. In the third section, the simulation results are presented and discussed. This section is divided into two parts, one comprising the results obtained for the classical dual-frequency discharges, while the other containing the results obtained for EA discharges. Finally, conclusions are drawn in section four.
Calculation details
The simulations are based on a bounded electrostatic particle-in-cell (PIC) code complemented with Monte Carlo treatment of collision processes. This PIC/MCC code, which has been used in a previous study under different conditions [16] , is one-dimensional in space and three dimensional in velocity (1D3V). Here, geometrically symmetric dual-frequency discharges are investigated in pure CF 4 . The electrodes are considered to be infinite, plane parallel, and separated by a distance of d=1.5 cm. One of the electrodes is grounded, the other is driven by the superposition of two radio frequencies. The gas temperature is 350 K. The ion-induced secondary electron emission coefficient, γ, is set to 0.1, the probability of electron reflection from the electrodes is set to 0.2 based on the data provided in [71] .
Simulations are performed for both the classical and the EA dual-frequency discharges at two different pressures (10 Pa and 80 Pa). In case of classical dual-frequency discharges, a voltage waveform is applied according to equation (1): f LF = 1.937 MHz and f HF = 27.12 MHz, Φ HF is kept constant (Φ HF =300 V at 10 Pa and Φ HF =100 V at 80 Pa), and Φ LF is varied. In EA dual-frequency discharges, a voltage waveform, according to equation (2) , is used with a fundamental frequency of f=13.56 MHz and simulations are carried out for different phase shifts between the driving harmonics (θ is set to values between 0 o and 90 o ). The voltage amplitudes are equal and constant, Φ LF =Φ HF =100 V at 10 Pa and Φ LF =Φ HF =50 V at 80 Pa. We investigate the electron heating and ionization dynamics under various discharge conditions and explore how these dynamics and the ion fluxes at the electrodes are affected by changing the control parameter for the mean ion energy -Φ LF and θ in classical and EA dual-frequency discharges, respectively.
The plasma species traced in the model are electrons, and CF 3 + , CF 3 -and F -ions, found to be the dominant charged species in previous studies of CF 4 discharges [3] [4] [5] [6] [7] . The electron-neutral collision processes taken into account in the model are listed in Table 1 , the cross sections for these collisions are taken from [72] [73] [74] . The collision processes involving different ions and CF 4 molecules considered in the model are listed in Table 2 . These processes are treated according to [3, [75] [76] . The ion-ion and electronion recombination processes are described based on the procedure of Nanbu and Denpoh [77] . The rate of electron-CF 3 + recombination is 3.95x10 , where T i and T e are the ion and electron temperatures, respectively, given in eV [8] . In previous studies, the simulation results proved to be largely influenced by the value of the ion-ion [7] that resulted in a good agreement between the simulation and the experiment [17] . Fig. 1 shows spatio-temporal plots of the electron heating rate in classical dual-frequency discharges (driven at 1.937 MHz + 27.12 MHz) obtained at 10 Pa (first row) and 80 Pa (second row) for different values of the low-frequency voltage amplitude, Φ LF (first column: Φ LF =0 V, second column: Φ LF =100 V, third column: Φ LF =200 V). The high-frequency voltage amplitude, Φ HF , is 300 V and 100 V at 10 Pa and 80 Pa, respectively. The spatio-temporal distribution of the ionization rate and the electric field corresponding to these cases are shown in Fig. 2 and Fig. 3 , respectively. In order to provide a good visibility of the distribution patterns in different spatiotemporal plots, all the graphs cover 258.23 ns on the horizontal axis, corresponding to one half low-frequency period (7 high-frequency periods). The vertical axes show the distance from the powered electrode. The studied (classical dual-frequency) discharges are characterized by a symmetrical discharge structure over the low-frequency period, therefore the discharge properties observed at the powered and grounded electrodes during the first half of the low-frequency period are observed at the grounded and powered electrodes, respectively, during the second half of the given low-frequency period as well. First, we analyze the effect of the variation of the low-frequency voltage amplitude on the electron heating and ionization dynamics defining the discharge operation mode and plasma parameters at different pressures. Second, we discuss the impact of changing Φ LF on the separate control of ion properties at the electrodes under the conditions investigated.
Results and discussion

Classical dual-frequency discharges
At 10 Pa, for Φ LF =0 V, the spatio-temporal distribution of the electron heating rate (Fig. 1 , top left plot) and ionization rate (Fig. 2 , top left plot) are dominated by the sheath expansion heating, i.e. the discharge is operated in the α-mode. Moreover, a weak electron heating pattern in the sheaths, due to the acceleration and multiplication of secondary electrons released at the electrode surfaces, is visible. This single-frequency discharge is characterized by an electronegativity of 0.22 (Fig. 5 ). The electronegativity is defined as the ratio of the negative ion density to the electron density averaged over the electrode gap and time. The negative ions are confined within the discharge center (Fig. 4 , top left plot) by the sheaths electric field. The electron density is high in the bulk region, ensuring a high bulk conductivity, σ, at low pressures. Due to this, the drift electric field in the discharge center, E=j/σ, is low (Fig. 3, top left plot) , since under such conditions a low electric field is sufficient to drive a given RF current, j, trough the plasma bulk [16] . The dc conductivity is defined as σ=(n e e 2 )/(m e ν), where n e is the electron density in the bulk, e is the elementary charge, m e is the mass of electron, and ν is the electron-neutral collision frequency. The electrical properties of the discharge are characterized by the dc conductivity, as the electron collision frequency is well above both applied radio frequencies [1] .
When applying a low frequency source (Φ LF >0V) at 10 Pa, the discharge operation mode is not changed compared to the single-frequency case; the electrons causing ionization are again accelerated by the highfrequency sheath oscillations. However, as the highfrequency sheath oscillations are shifted to the regions of higher plasma density at the times of large low-frequency sheath, the electron heating becomes less effective (Fig. 1 , top middle and right plots). This frequencycoupling, a well-known effect in electropositive discharges, results in reduced ionization with increasing low-frequency voltage amplitude (Fig. 2 , top middle and right plots). It should be noted that the modulation of the ionization by energetic electrons accelerated by the high frequency sheath expansion is much stronger than the modulation of the electron heating. This is due to the fact that more electrons gain less energy when the low frequency sheath is expanded because the plasma density is increasing towards the quasineutral plasma bulk. Accordingly, only a very small fraction of these electrons gains enough energy to overcome the ionization threshold energy. The electronegativity of the discharge increases (but remains low) with increasing Φ LF ; it is 0.41 and 1.25 at Φ LF =100 V and Φ LF =200 V, respectively (Fig. 5) . The electric field in the discharge center remains low for Φ LF >0V (Fig. 3 , top middle and right plots) since conditions for a good conductivity of the bulk are still given under these conditions.
At 80 Pa, for Φ LF =0 V, the single-frequency discharge operates in a hybrid α-DA mode [17] . Besides the sheath expansion heating, significant electron heating in the bulk plasma region and at the collapsing sheath edges can be observed (Fig. 1 , bottom left plot) that dominate the ionization dynamics (Fig. 2, bottom left plot) . In this case, the electronegativity of the discharge is high (32.5) due to the enhanced electron attachment at high pressures, and the electron density is low in the bulk (Fig. 4 , bottom left plot), leading to a low bulk conductivity. Therefore, a high , are logarithmic, and apply to all plots in the same row. The horizontal axis corresponds to half of the LF period. The vertical axis shows the distance from the powered electrode.
drift electric field, E=j/σ, builds up in the bulk region, in order to drive a given RF current through the bulk. This electric field accelerates electrons to high energies that cause the ionization in the bulk. A high electric field develops at the collapsing sheath edges as well, that results in additional electron heating and ionization. This ambipolar field, E=-kT e /n e (∂n e /∂x), where T e is the electron temperature and k is the Boltzmann constant, is due to the high electron density gradient found close to the position of the boundary between the electronegative bulk and electropositive sheath regions. At this position, the electron density peaks in order to ensure quasineutrality (Fig. 4, bottom left plot) .
When applying a low-frequency source at 80 Pa, strong electron heating and ionization in the bulk can be observed at phases when both the low-frequency and high-frequency sources accelerate electrons towards the same electrode (Figs. 1 and 2 , top middle and right plots): during the first half of the low-frequency period, the lowfrequency sheath expands at the powered electrode; at the times of high-frequency sheath expansion both sources generate electron currents directed towards the grounded electrode. The electron current density, j, is high at these phases, while it is low at the times of highfrequency sheath collapse in the first half of the lowfrequency period, when the electron accelerations, due to the two different sources, are opposed to each other. Here, the electronegativity is 36 and 28 at Φ LF =100 V and Φ LF =200 V, respectively (Fig. 5) . Hence, the bulk conductivity is low due to the depleted electron density (Fig. 4 , bottom middle and right plots). The strength of the drift electric field, E=j/σ, varies temporally according to j, i.e., it is high at the phases when the electron acceleration of both sources have the same direction and it is low at the phases when the effect of the sources on the electron motion is opposed (Fig. 3 , top middle and right plots). During the second half of the low-frequency period (not shown in the spatio-temporal plots), when the low-frequency sheath adjacent to the powered electrode collapses, the interaction of the sources has similar effects on the electron heating and ionization dynamics as during the first half of the period; the difference is that the sources cause electrons to be accelerated in the same direction (towards the powered electrode) at the times of high-frequency sheath collapse at the bottom electrode and in opposite directions at the times of high-frequency sheath expansion.
The electron heating and ionization due to ambipolar electric fields at the collapsing high-frequency sheath edge are also affected by the low-frequency source. At the phases of maximum sheath length in the lowfrequency period, the positions of the electron density peaks at the boundary of the electronegative bulk and the electropositive sheath region can be covered by the sheath. At these times, the electrons are repelled from the adjacent electrodes towards the discharge center from these positions by the sheath electric field, this way the local electron density maxima are removed. At these phases, the conditions required for the development of ambipolar electric fields are not fulfilled. Therefore, electron heating and ionization, due to ambipolar electric fields at the collapsing high-frequency sheath edge of a given electrode, is only possible when the sheath is small and the positions of the electron density maxima are not covered by the sheath. Nevertheless, the distinct peaks of the electron heating (Fig. 1) due to the ambipolar electric field (Fig. 3) dominate the ionization pattern (Fig. 2) in the dual-frequency high pressure plasma, so that the strong localization of this main ion source leads to a convex shaped ion diffusion profile in the plasma bulk region (Fig. 4) . In general, this ambipolar heating mode is enhanced by a frequency coupling effect, which is only present in electronegative plasmas: The diffusion of negative ions across the maximum extensions of the two sheaths is possible due to the relatively long period of the low frequency voltage component, which leads to a long period of sheath collapse within one lf period. This reduces the electron density close to the maximum sheath edge, since quasineutrality must be ensured at these positions at the times of sheath collapse. Moreover, close to the maximum sheath edge positive ions are accelerated towards the electrode less strongly compared to the single frequency scenario, since this region is outside of the momentary sheath for a longer time within one lf period. Thus, the positive ion density gradient is weaker close to the maximum sheath edge compared to the single frequency case. Thus, in the electropositive edge region the local maximum of the electron density is more pronounced in the dual-frequency case compared to the single-frequency one. This leads to a stronger local gradient of the electron density (Fig. 4) , a stronger ambipolar electric field (Fig. 3) , and stronger electron heating (Fig. 1) at the times when the low and high frequency current components are in phase.
The electronegativity of the discharge, i.e., the ratio of the spatially and temporally averaged negative ion and electron density, is generally larger under these high pressure conditions. Furthermore, it is significantly affected by the application of a low-frequency source at 80 Pa (Fig. 5) : compared to the case of single-frequency excitation (Φ LF =0 V), the electronegativity decreases for high values of Φ LF . This effect can be explained by the impact of Φ LF on the length of the bulk. At Φ LF =0 V the bulk region, where the negative ions are concentrated, is large. An increase in Φ LF results in larger sheaths and shorter bulk length, i.e., the region, where negative ions can be found is shrunk -this causes the electronegativity of the discharge to decrease.
In Fig. 6 the mean energy of CF 3 + ions, <E i >, and their flux, Г i , at the electrodes is shown for 10 Pa and 80 Pa as a function of the low-frequency voltage amplitude, Φ LF . The mean ion energy can be controlled by changing Φ LF ; the same trends can be observed in the variation of <E i > at both pressures. Increase in Φ LF results in an increase of the mean sheath voltage that causes positively charged ions to arrive at the electrodes with higher energies. At the two different pressures studied here, different behavior of the ion fluxes at the electrodes is found when varying Φ LF (right plot). At 10 Pa, the ion flux at the electrodes decreases as a function of Φ LF for Φ LF <100 V, while it increases for values of Φ LF above 100 V. At this pressure, the discharge operates in the α-mode. The decrease of Г i is the consequence of the frequency-coupling mechanism that reduces the electron heating and ionization at the phases when the low-frequency sheath is large. The increase of Г i for Φ LF >100 V can be explained by the effect of secondary electrons that are accelerated in the large sheath and can induce significant ionization [50] .
At 80 Pa, the discharge operates in a hybrid α-DA mode. Changing Φ LF affects the electron heating due to the high-frequency sheath oscillations as well as the electron heating caused by the high drift and ambipolar electric fields in the discharge center and around the maximum sheath edges, respectively. At low values of Φ LF (<50 V), the decrease of Г i is caused by a less efficient α-mode electron heating and ionization. This is due to the fact that the relatively long time scale of the low frequency component allows for a weak dynamics of the negative ion density diffusing into the region of sheaths oscillation. Therefore, fewer electrons are accelerated in the sheaths expansion phases. The overall plasma density (Fig. 4) and the ion flux (Fig. 6 ) decrease because the loss in the α-mode heating efficiency cannot be compensated by the relatively weak DA-mode heating. At higher values of Φ LF (<200 V), the DA-mode becomes dominant and compensates for the weaker α-mode heating, yielding an almost constant peak of ion density (Fig. 4) and total ion flux (Fig. 6) , respectively. Meanwhile, the mean ion energy at the electrodes can be changed by a factor of about 2 by increasing Φ LF . A further increase of Φ LF (>200 V) results in a slight decrease of Г i , which can be attributed to the effect of Φ LF on the length of the bulk: at high values of Φ LF , the sheath is large, so that the electron heating in the DA-mode and ionization take place in the short bulk region. In addition, the α-mode heating becomes less effective due to the negative ion dynamics as described above. It should be noted that, in contrast to the 10 Pa case, secondary electrons do not play a significant role, even under high voltage amplitude conditions. There are two reasons for the negligible amount of ionization by secondary electrons: Firstly, the ion flux is smaller at higher pressures due to the longer time scale of diffusion in the collisional regime, thereby reducing the amount of electrons released from the electrodes surfaces due to ion impact. Secondly, the reduced electric field in the sheaths is smaller compared to that in the low pressure case. The maximum sheath extensions and maximum voltage drop across each of the sheaths is similar in the dual-frequency high pressure case (80 Pa, Φ LF =100 V, Φ HF =200 V) and in the low pressure single-frequency case (10 Pa, Φ LF =0 V, Φ HF =300 V). During the acceleration in the respective sheaths electric field the electrons undergo too many collisions at 80 Pa -because of the various collision processes in a molecular gas -to allow for an efficient multiplication. Therefore, counterintuitively, secondary electrons can be neglected in the discussion of the electron heating dynamics and ion flux formation at 80 Pa, whereas they explain the increase in the ion flux for the higher voltage amplitudes at 10 Pa.
Electrically asymmetric dual-frequency discharges
In Fig. 7 spatio-temporal plots of the electron heating rate in electrically asymmetric dual-frequency discharges driven at 13. Figs. 8 and 9 the spatio-temporal distribution of the ionization rate and electric field corresponding to these cases are shown. In these plots the time axis covers one period of the low-frequency source (73.74 ns). We discuss the effect of the variation of the phase shift between the driving harmonics on the electron heating and ionization dynamics at different pressures, followed by the analysis of the impact of changing θ on the separate control of ion properties at the electrodes.
At 10 Pa, for θ=0 o , electron heating at the expanding sheath edge, as well as heating in the bulk region and at the collapsing sheath edge, can be observed (Fig. 7, top  left plot) . The sheath expansion heating of electrons is stronger than that in the bulk region and at the collapsing sheath edge, but all these heating mechanisms contribute significantly to the ionization (Fig. 8, top left plot) , i.e., the discharge operates in a hybrid α-DA mode. The electronegativity of the discharge is 11.7, the density of F -ions and that of CF 3 -ions are about 36 and 7 times higher, respectively, than the electron density averaged over the discharge gap. A local maximum of the electron density is found (Fig. 10, top left plot) at the position of the transition between the electronegative bulk and electropositive sheath region. By changing θ to 50 o , the electronegativity of the discharge slightly increases (up to 12.8). While at θ=0 o a strong maximum of the ionization rate is found only once within the low-frequency period, for θ=50 o two similarly strong maxima of the ionization can be observed within one low-frequency period (Fig. 8, top middle plot) . At θ=90 o the role of the powered and grounded electrodes is reversed and the ionization dynamics are reversed accordingly compared to the case when θ=0 o .
At 80 Pa, the electron heating and ionization in the bulk region dominates over the heating and ionization due to sheath expansion ( Fig. 7 and 8, bottom plots) as the discharge is strongly electronegative (the electronegativity is about 45). The electron heating is mainly determined by the drift electric field in the bulk , are logarithmic, and apply to all plots in the same row.
( Fig. 9) . At θ=0 o and θ=90 o the electron heating and ionization rates have two similarly strong maxima within a low-frequency period. At these times the electric field is high in the bulk (Fig. 9 , bottom left and right plots). This high drift field accelerates the electrons once towards the grounded electrode and once towards the powered electrode. The electric field is almost equally strong at the times of its maximum and its minimum due to the shape of the driving voltage waveforms for these phase shifts [16] . At θ=50 o only one maximum can be observed in the electron heating and ionization rates. At this phase the electric field is strong only once per low frequency period (Fig. 9 ). There are two additional maxima per low frequency period, but their amplitudes are significantly lower compared to the global extremum, so that the drift electric field causes strong acceleration of the electrons towards the grounded electrode once per low frequency period and weaker acceleration towards the powered electron twice per low frequency period. In Fig. 11 the dc self-bias, η, normalized by the total amplitude of the driving voltage waveform, η/(Φ LF +Φ HF ), is shown as a function of the phase shift between the driving harmonics, θ, at the two different pressures studied here, 10 Pa and 80 Pa. At both pressures a dc self-bias is generated due to the EAE and can be controlled by tuning θ. In electropositive discharges, the self-bias voltage can generally be varied over a wide range by changing θ between 0 o and 90 o and it is an almost linear function of θ. The linear dependence of η on θ is not necessarily valid in electronegative CF 4 plasmas. At 10 Pa (where the discharge operates in a hybrid α-DA mode), the difference is not pronounced, while at 80 Pa (where the discharge operates in a DA mode) significant deviation from a linear dependence can be observed. The origin of this deviation, as it has been clarified by an analytical model of the EAE in [16] , is due to the electronegativity of CF 4 discharges and the difference between the mean effective ion densities in both sheaths: The asymmetric ionization profile at θ=50 o ( Fig. 8) leads to a higher mean positive ion density (Fig. 10) in the grounded sheath compared to the powered one. This asymmetry reduces the dc self-bias value and is the main reason for the difference between both curves shown in Fig. 11 . Furthermore, the self-amplification of the EAE at low pressures [54] is very effective at 10 Pa due to the absence of symmetric charge exchange collisions, so that the ion motion within the sheaths is only weakly collisional [16] .
In Fig. 12 the mean energy of ions at the powered and grounded electrodes (<E i,p > and <E i,g >, respectively) is shown for 10 Pa and 80 Pa as a function of the phase shift between the driving harmonics, θ. At both pressures, the mean ion energy can be controlled by changing θ at both electrodes; it can be changed by a factor of about 2.4 and 1.75 at 10 Pa and 80 Pa, respectively. At θ=0°, the dc self-bias is strongly negative. Accordingly, the absolute value of the mean sheath voltage is larger at the powered electrode sheath compared to the grounded electrode sheath. This, in turn, leads to <E i,p > larger than <E i,g >, whereas the reverse case is obtained for θ=90°.
The ion fluxes at the powered and grounded electrodes (Г i,p and Г i,g , respectively) as a function of θ are shown in Fig. 13 . At 10 Pa, the ion flux changes by a factor of maximum 1. . At 80 Pa, the ion flux at the powered electrode changes by a factor of maximum 1.6, while at the grounded electrode it changes by a factor of maximum 1.8. As discussed above, the discharge is operated in a DA-mode under these high pressure conditions. The asymmetry in the bulk electric field around θ=45° results in a spatially asymmetric ionization profile, as it becomes clear from Fig. 8 (bottom middle plot) . Here, the major source of positive ions is located close to the grounded electrode. Therefore, many more ions diffuse to this electrode compared to the powered electrode. This leads to the convex and concave shape of the ion flux dependence on the phase angle at the powered and the grounded electrode in the range between θ=0° and θ=90°, respectively. Basically, the same tendencies can be observed at lower pressures. However, the α-mode heating contributes significantly to the electron heating and the localization of the ionization is much weaker. Thus, the modulation of the ion flux is less pronounced.
Conclusions
We investigated the electron heating and ionization dynamics in classical and electrically asymmetric dualfrequency electronegative CF 4 discharges using PIC/MCC simulations. For both types of discharges the simulation results, obtained for two different pressures while varying the control parameter for the mean ion energy, were analyzed. In classical dual-frequency discharges the low-frequency voltage amplitude, Φ LF , is varied at constant value of the high-frequency voltage amplitude, Φ HF ; in electrically asymmetric discharges, the phase shift between the driving harmonics, θ, is changed at constant and equal voltage amplitudes. We analyzed the impact of changing the control parameter on the separate control of ion properties at the electrodes.
We have found that in classical dual-frequency discharges, the discharge is operated in a pure α-mode at low pressures and in a hybrid α-DA mode at higher pressures, respectively. Generally, increasing the voltage amplitude of the low-frequency source has a complex effect on the electron heating and ionization dynamics. At both, a low pressure of 10 Pa and a high pressure of 80 Pa, the α-mode electron heating and ionization is reduced. This can be attributed to the well known frequency-coupling, i.e., the electron heating at times of large low frequency sheath extensions is associated with reduced ionization efficiency. The discharge remains weakly electronegative at 10 Pa, so that the heating by sheath expansion and the acceleration of secondary electrons in the sheaths are the major sources of energetic electrons. At a higher pressure of 80 Pa, the discharge operates in a hybrid α-DA mode. There, additional frequency coupling effects are found to influence the electron heating and ionization dynamics: Applying a low-frequency source strongly reduces the α-mode heating and leads to distinct peaks of the spatiotemporal electron heating by the ambipolar field at the times of in phase low and high frequency currents, which occur only in a fraction of the low frequency period due to the large sheath edge oscillations. The strength of the drift field within the plasma bulk and the subsequent electron heating is alternating according to the current directions of the low and the high frequency components, as well. These mechanisms of electron heating in the DA-mode, which are present only in electronegative and/or dusty plasmas in this pressure regime, can compensate the negative effect of the frequency coupling on the sheath expansion heating. Thereby, the separate control of the mean ion energy and the ion flux at the electrodes can be realized for a narrow parameter window.
In electrically asymmetric dual-frequency discharges, tuning the phase angle θ between the applied frequencies does not lead to a change in the dominant electron heating mode: the discharge is operated in a hybrid α-DA mode at low and high pressures, whereas the α-mode is observed to be stronger at 10 Pa and the DA-mode is observed to be stronger at 80 Pa, respectively. However, tuning θ changes the shape of the driving voltage waveform, thereby leading to complex changes of the electron heating dynamics, again. The electrical generation of a dc self-bias causes the mean ion energies at both electrodes to differ from each other at 0° and 90°, respectively. At high pressures the electron heating is almost symmetric for these phase shifts and the ions flow almost equally to both electrodes. However, in the intermediate phase angle range, the spatio-temporal electron heating dynamics is strongly asymmetric at high pressures. As a consequence, a spatially asymmetric ionization profile develops and the ion flux is no longer evenly distributed among the powered and the grounded electrode. This asymmetry affects the electrical generation of a dc self-bias via the electrical asymmetry effect. Furthermore, it leads to a strong limitation of the separate control of ion energy and ion flux in electronegative discharges, particularly under the discharge conditions where the electron heating is dominated by the DA-mode, e.g. at relatively high pressures.
